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Previous nuclear magnetic resonance (NMR) imaging stud-
ies have indicated that coronary occlusion does not produce
sufficient changes in standard tissue relaxation times to
allow the detection of acute ischemia . To identify acute
myocardial perfusion abnormalities, the use of the para-
magnetic agent manganese gluconate combined with cal-
cium gluconate (MnGlu/CaGlu) was investigated in canine
models of acute coronary artery occlusion .
In vitro studies showed that MnGlu/CaGlu was a more
efficient relaxing agent than gadolinium-DTPA (relaxivity
of 7 .8 versus 5 .1 s -1 mM-1 ) and demonstrated affinity for
normal myocardium . The distribution of MnGlu/CaGlu as
measured by manganese-54 tracer studies was proportional
to myocardial blood flow in both normal and ischemic
tissue . Hearts excised from dogs after coronary artery
occlusion and administration of 0 .035 mM/kg MnGlu/
CaGlu were imaged ex vivo using a relatively spin-lattice
relaxation time (T1)-weighted gradient reversal technique
(repetition time [TR] 50 ms and echo time [TE] 9 ms) .
These images showed increased signal intensity in the
normally perfused myocardium with a mean signal inten-
The assessment of myocardial perfusion is important in
evaluating patients with coronary artery disease . A variety
of methods, including radionuclide imaging (1), digital sub-
traction angiography ( ), rapid computed tomography (3)
and contrast echocardiography (4) have been utilized to
determine myocardial perfusion . Although these methods
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sity ratio of hypoperfused to normal myocardium of 0 .55 ±
0.1 (mean ± SD) .
In vivo images obtained in nine dogs after coronary
artery occlusion and administration of the same dose of
MnGlu/CaGlu demonstrated the region of hypoperfused
myocardium in six dogs with a signal intensity ratio of
hypoperfused to normal myocardium of 0.64 ± 0 . 3 (p <
0.05 versus control) . When a higher dose of 0 .1 mM/kg
MnGlu/CaGlu was utilized and in vivo imaging was per-
formed using a relatively spin-spin relaxation time (T )-
weighted (TR gated, TE 60 ms) spin-echo sequence in six
dogs, the signal intensity of normal myocardium was de-
creased. The hypoperfused region was seen as a region of
relatively higher signal in all dogs with a signal intensity
ratio of hypoperfused to normal myocardium of .07 ±
0.55 (p < 0.01 versus control) .
Therefore, it is concluded that NMR imaging with a
manganese-containing paramagnetic contrast agent can be
used to detect acute regional myocardial perfusion abnor-
malities .
(J Am Coll Cardiol 1989;14 :47 -80)
are all clinically useful in this role, the sensitivity or speci-
ficity of each is limited under certain clinical conditions and
in certain patients (5) . In addition, some of these methods
require exposure to ionizing radiation and the use of an
iodinated contrast agent with its attendant risks . Alterna-
tively, nuclear magnetic resonance (NMR) imaging offers
significant potential for the enhanced assessment of perfu-
sion because of its high spatial resolution and excellent soft
tissue contrast . More exact visualization of perfusion de-
fects, combined with the ability of NMR imaging to define
myocardial wall motion abnormalities (6), may aid the man-
agement of patients with coronary artery disease .
It has been previously demonstrated (7,8) that prolonged
myocardial ischemia and infarction produce tissue changes
that can be detected on NMR images . However, acute
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myocardial ischemia with its relatively small changes in
tissue relaxation properties has not been detected with use of
present NMR imaging techniques (9) . Therefore, attention
has been directed toward the use of paramagnetic contrast
agents to identify acute myocardial ischemia by NMR imag-
ing. These agents affect NMR images by altering the spin-
lattice (TI) and spin-spin (T ) relaxation times of myocar-
dium (10) resulting in alterations of tissue signal intensities
on NMR images
. Paramagnetic contrast agents that decrease
the TI of a tissue will increase its signal intensity on
T1-weighted imaging sequences. Conversely, agents that
decrease the T relaxation time of a tissue will decrease its
signal intensity on a T -weighted imaging sequence . Deliv-
ery of a contrast agent to normally perfused myocardium in
doses that alter either TI or T , combined with an NMR
imaging pulse sequence weighted to changes in Ti or T , can
potentially define normally perfused in comparison with
hypoperfused tissue .
Success of such a strategy requires the use of a contrast
agent with affinity for normal myocardial tissue that is
distributed within the myocardium in proportion to blood
flow
. In addition, the agent must be delivered in appropriate
concentration to have the desired effect on tissue relaxation
characteristics and then imaged with use of a technique
optimized to detect differences in tissue T1 or T . Although
the paramagnetic contrast agent gadolinium-DTPA (Gd-
DTPA) has been used in the ex vivo imaging of acute
perfusion defects (11), the imaging of acute perfusion defects
in in vivo preparations has been unsuccessful (1 ) because of
the extracellular and nonspecific distribution of Gd-DTPA
and its rapid redistribution relative to the time required for
NMR imaging .
Manganese compounds are effective paramagnetic con-
trast agents (13,14) that concentrate in normal myocardium
(15) and distribute in proportion to organ blood flow (16,17) .
Previous studies (15,18) employing manganese chloride
(MnC1 )
in cardiac NMR imaging have not examined models
of acute ischemia or in vivo imaging
. Therefore, the goals of
this study were to 1) characterize a new manganese-
containing paramagnetic contrast agent, manganese glu-
conate combined with calcium gluconate (MnGlu/CaGlu)
; )
examine its use in the NMR imaging of excised hearts after
acute coronary occlusion : and 3) examine its use in the NMR
imaging of acute coronary occlusion in vivo .
Methods
All animal studies conformed to the "Position of the
American Heart Association on Research Animal Use"
adopted on November 11, 1984 as well as to state and federal
laws .
Preparation of imaging agents . Manganese gluconate
(MnGlu) crystalline material was obtained from Alfa Prod-
ucts and calcium gluconate 10% injection, USP, was ob-
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tamed from Elkins-Sinn, Inc. A mixed manganese gluconate
and calcium gluconate solution (MnGlu/CaGlu) was pre-
pared by the addition of equimolar solutions of each with
constant stirring . Standard solutions of MnGlu/CaGlu (0 .1 to
0.85 mmol/liter) were prepared by dilution with normal
saline solution (0.9% NaCI) . Gadolinium-diethylenetriamine
pentaacetic acid (Gd-DTPA) was prepared by mixing gado-
linium chloride (Alfa Products) diluted in distilled water with
diethylenetriamine pentaacetic acid (Aldrich Chemicals) dis-
solved in water and 10 N sodium hydroxide . The pH of the
final solution was adjusted to 6 .0 and diluted to standard
concentrations with normal saline solution . Manganese chlo-
ride was obtained from Aldrich Chemicals and dissolved in
distilled water .
In vitro studies. The spin-lattice (TI) and spin-spin (T
)
relaxation times of MnGlu/CaGlu, MnCl and Gd-DTPA
were measured over a range of concentrations (0.1 to 0 .85
mmol/liter) with use of an IBM minispec operating at
0
MHz. T1 relaxation times were measured using a standard
inversion recovery pulse sequence with 8 r values. T
relaxation times were measured using a Carr-Purcell-
Meiboom-Gill pulse sequence with 10 spin echoes . Measure-
ments were performed in triplicate and the average value
was reported .
Normal myocardium studies . Sprague-Dawley rats ( 50
to 300 g) were anesthetized with intraperitoneal pentobar-
bital (5 mg/100 g of body weight) . MnGlu/CaGlu, MnCl or
Gd-DTPA at doses of 0 .01, 0.034, 0 .1 and 0.34 mM/kg were
injected into the tail vein
. Five minutes after injection, the
animals were killed, the hearts excised and TI and T
measurements of left ventricular myocardium and venous
blood were performed . The results of these measurements
were used to select appropriate doses for the canine exper-
iments .
Hemodynamic studies . Four mongrel dogs weighing 15 to
0 kg were anesthetized with intravenous sodium pentobar-
bital (30 mg/kg), intubated and ventilated with a respirator
(Harvard Apparatus) with use of room air . A carotid artery
was cannulated for central blood pressure monitoring, a
balloon-tipped, flow-directed thermodilution catheter was
advanced to the pulmonary artery for cardiac output mea-
surements and a micromanometer-tipped fiber-optic pres-
sure catheter (Camino Instruments) was inserted into the left
ventricular cavity through a small stab wound at the apex
.
After baseline measurements of cardiac output, aortic
pressure, left ventricular pressure and its first derivative (left
ventricular dP/dt), pulmonary artery pressure and left and
right atrial pressures, 0
.035 mM/kg of MnGlu/CaGlu was
diluted to a 10 cc volume and injected intravenously over
30 s. The hemodynamic measurements were repeated over
60 min. No anesthesia or other medications were given in
the 30 min preceding or the 60 min during the experiment
.
All measurements were recorded on a Colburne Instru-
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ments, Inc . chart recorder and data were analyzed as change
from baseline .
Excised heart studies. Seven mongrel dogs were anesthe-
tized, intubated and ventilated as described . A left thoracot-
omy was performed and a left atria] catheter was inserted for
administration of radioactive microspheres . The left anterior
descending coronary artery was dissected free in its mid
portion and a 0 silk snare was placed loosely around it .
Fifteen micron diameter radioactive microspheres (Co 57,
Sr'
13
or Sr
85)
were injected and the coronary artery snare
was then manually tightened to completely occlude the
artery. After occlusion, a second set of microspheres was
administered and MnGlu/CaGlu (0 .035 mM/kg) was given
intravenously as in the hemodynamic experiments . This
dose was based on the rat myocardium measurements,
which showed a similar dose of MnGlu/CaGlu to have
significant effects on T1 without significantly altering T .
Three minutes after injection of the agent (5 min after
coronary artery occlusion), the dogs were killed with a lethal
injection of potassium chloride . The heart was excised,
gently rinsed, covered with plastic wrap and taken for
imaging .
Imaging of the heart was performed within 60 min of
excision on a commercial Diasonics NMR system operating
at a field strength of 0 .35 tesla . The heart was placed in a
glass dish and imaged in the transaxial plane in a volume coil
with use of a gradient reversal sequence with a repetition
time (TR) of 50 ms and an echo time (TE) of 9 ms . This
sequence was chosen because of its sensitivity to differences
in the T1 relaxation time of tissues (19, 0) . An optimal flip
angle of 50° for these studies was determined with contrast
equations derived from the Bloch equation ( 1) . Of the 10
contiguous, 1 cm thick image planes produced in this man-
ner, 1 was chosen at a level distal to the site of the coronary
artery occlusion where the region of hypoperfusion was
clearly seen. This level was marked and a 1 cm slice
corresponding to the image was removed and fixed in
formalin for 4 h .
For determination of relative regional myocardial blood
flow, the myocardial slice was cut into eight endocardial and
eight epicardial sections . Each section was weighed and
counted for microsphere concentration in a gamma well
counter ( ) . Pre- and postocclusion relative blood flow was
calculated for each section using a posterior wall section as
a standard for normal blood flow .
To determine the distribution of manganese in the myo-
cardium, two of the dogs used in these studies were given
tracer doses of manganese-54 together with the MnGlu/
CaGlu. The heart slice of interest was then counted for
manganese-54 concentration as well as regional myocardial
blood flow in the 16 segments . Actual manganese-54 concen-
tration in each section was calculated using reference stan-
dards .
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Figure 1 . Schematic of the in vivo canine experiments . Manganese
gluconate-calcium gluconate (MnGlu/CaGlu) was injected 5 min
after left anterior descending (LAD) coronary artery occlusion in
either a low dose (0 .035 mM/kg, Group I, n = 9) or a higher dose (0 .1
mM/kg, Group II, n = 6) . Imaging was performed using either a
relatively TI-weighted (repetition time [TR] 50 ms, echo time [TE] 9
ms) or a relatively T -weighted (gated spin echo [SE], TE 60 ms)
pulse sequence as shown . Microspheres (µs) were injected intra-
atrially at the time points shown . Four additional dogs (Group III,
not shown) served as a control group and underwent the same
protocol but without coronary occlusion .
In vivo studies . Nineteen mongrel dogs in three groups
underwent a left thoracotomy and had a balloon occluder
placed around the mid portion of the left anterior descending
coronary artery and a catheter inserted into the left atrium .
After recovery from surgery, the dogs were re-anesthetized
and placed in the 0.35 tesla NMR imaging system in a left
lateral oblique position . Baseline sagittal control images
were obtained and the dog was repositioned as necessary to
obtain true short-axis images of the left ventricle at the mid
papillary muscle level ( 3) (Fig . 1) .
Group 1 (0 .035 mM/kg MnGlulCaGlu, gated TR 50 ms,
TE 9 ms) . These nine dogs followed a protocol similar to that
in the excised heart studies . MnGlu/CaGlu (0 .035 mM/kg)
was injected intravenously 5 min after occlusion of the left
anterior descending coronary artery by inflation of the
balloon occluder . Radioactive microspheres were injected
into the left atrium before and 5 min after coronary occlu-
sion. A gated TR 50 ms, TE 9 ms gradient reversal protocol
was used to obtain images before occlusion, immediately
after occlusion and immediately after administration of the
contrast agent . This imaging sequence provided 1 images of
one slice at 1 points in the cardiac cycle .
Group 11 (0.1 mM/kg MnGlu/CaGlu, TR gated, TE 60
ms). A second group of six dogs underwent the same
protocol with use of a higher dose of MnGlu/CaGlu (0 .1
mM/kg) and employing a gated 60 ms single spin-echo
sequence . This dose of MnGlu/CaGlu was based on the rat
myocardium measurements, which showed this to be the
lowest dose having a significant effect on myocardial T . The
imaging sequence was chosen to be more sensitive to
changes in the T relaxation times (by using a longer echo
time) while preventing the flow enhancement seen with
second echoes in dual spin-echo imaging sequences ( 4) .
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Group III (0.035 mM/kg MnGlu/CaGlu: TR 50 ms, TE 9
ms (n =
) and 0
.1 mM/kg MnGlu/CaGlu, TR gated, TE 60
ms (n =
)
. The third group of four dogs underwent injection
of the contrast agent without coronary occlusion descending
and served as the control group . These animals were imaged
at the same time as the animals in Groups I and II .
In all groups, the dogs were killed by intracardiac injec-
tion of potassium chloride immediately after the postcontrast
imaging experiment (5 min after injection of MnGlu/CaGlu) .
The heart was excised, gently rinsed with saline solution and
imaged in the same plane with the same imaging sequence
used in vivo . In the group in which gating in vivo was
employed to define the repetition time (TR gated), the
excised heart imaging was performed with a TR of 540 ms .
Relative blood flows in the hypoperfused and normal myo-
cardium were determined by measuring radioactive micro-
sphere counts as in the excised heart studies .
Image analysis . Image analysis for the in vivo studies was
performed on the Diasonics imaging device with standard
software . Each image was examined independently by two
observers (S.S ., R .P.) for evidence of a region of diminished
signal intensity . An image was judged positive if a clearly
discernible region was seen by both observers, negative if no
region was seen by both or equivocal if the observers
disagreed or image quality was insufficient to permit a
definitive judgment .
Region of interest analysis was then performed on the
images. For positive images, regions of interest comprising
5 to 40 pixels were selected in the center of the hypoper-
fused region and in the opposite wall on the images obtained
after administration of MnGlu/CaGlu . For negative or equiv-
ocal images, regions of interest were chosen on the basis of
the expected anatomic location of the region of hypoper-
fused myocardium. The same regions were then used to
determine signal intensities in the baseline and postocclusion
images (before administration of the contrast agent) .
The signal intensity ratio, defined as the ratio of the
signal intensity of the hypoperfused myocardium to the
signal intensity of normal myocardium, was calculated for
the regions of interest in the slice chosen for each heart . To
determine the reproducibility of this technique, three ob-
servers independently measured the intensities in six hearts .
The correlation coefficients for repeated measurement of the
signal intensity ratio by the same observer were 0.99 ; the
correlation coefficient for measurements by two observers
was also 0 .99 .
Statistical analysis . Statistical comparisons were per-
formed with use of Newman-Keuls multiple comparisons . A
p value of <0
.05 was considered significant .
Results
In vitro studies . The effects of solutions of MnGlu/CaGlu
on spin-lattice (T1) and spin-spin (T ) relaxation times were
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Dose (mM/kg)
Figure . T1 (top) and T
(bottom) relaxation times of normal rat
myocardium 5 min after intravenous injection of three paramagnetic
contrast agents at doses of 0 .01, 0 .034, 0.1 and 0 .34 mM/kg . TI
shortening by the manganese compounds is seen at a low dose (0 .034
mM/kg), whereas T
effects are on y see w th doses of ?0
.1
mM/kg . Gadolinium DTPA does not alter the T
r laxati n time of
normal myocardium at these doses and has a smaller effect on the T1
relaxation time than have the manganese compounds .
similar to those of MnCl . The relaxivities, R1 (1/T1) and R
(1/T ), of both manganese solutions were greater than those
of Gd-DTPA (R1 = 7 .8 versus 5 .1 s-' mM-', R
= 41
.6
versus 5 .3 s-1 mM-1, respectively) .
Normal myocardium studies . The TI and T
values
normal myocardium as a function of dose for MnGlu/CaGlu,
MnCl
and Gd-DTPA are shown in Figure
. The manganese
compounds had a marked effect on the myocardial TI
relaxation time at doses as low as 0 .034 mM/kg . Effects on
T
were only seen at th  higher doses (0
.1 and 0 .34 mM/kg)
of the manganese compounds . In contrast, Gd-DTPA had a
much smaller effect on myocardial T1 and no effect on T
at
the doses . These findings, along with the results observed in
solution, indicate that these manganese-based contrast
agents, in these doses, have quantitatively and qualitatively
different effects on myocardial relaxation times than those of
Gd-DTPA .
Hemodynamic studies . MnGlu/CaGlu (0.035 mM/kg)
caused a reduction in mean aortic blood pressure of 1%
within 3 min of injection (Fig . 3) that returned to control
value within 10 min . A parallel decrease in systemic vascular
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f
Time (min)
Figure 3 . Mean arterial blood pressure as a function of time after
administration of manganese gluconate-calcium gluconate (0 .035
mM/kg) (n = 4) . There was a 1% reduction in blood pressure 3 min
after injection, which returned to control levels in 10 min without
therapy .
resistance occurred without a significant change in cardiac
output, left ventricular dP/dt or heart rate .
Excised heart studies . Figure 4 shows a typical image
from an excised heart experiment using 0.035 mM/kg
MnGlu/CaGlu and the TR 50 ms, TE 9 ms gradient reversal
sequence. In this TI-weighted image, the signal intensity of
the normally perfused myocardium is increased because of
shortening of the myocardial TI relaxation time . In contrast,
the hypoperfused myocardium in the region of the left
anterior descending artery has a lower signal intensity than
that in the normally perfused myocardium . This relative
difference resulted in a mean signal intensity of hypoper-
Figure 4 . Short-axis image of an excised heart in which manganese
gluconate-calcium gluconate (0 .035 mM/kg) was administered min
after occlusion of the left anterior descending coronary artery .
Imaging was performed using the relatively TI-weighted gradient
reversal sequence (TR = 50 ms, TE = 9 ms) . The normally perfused
myocardium (arrow) shows increased signal intensity due to TI
shortening by the contrast agent . The signal from the hypoperfused
myocardium in the distribution of the occluded coronary artery
(arrowhead) is relatively less intense .
0.
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Figure 5 . Manganese-54 concentration (Mn) as a function of micro-
sphere-determined myocardial blood flow (MBF) for 3 heart seg-
ments in two hearts . Manganese gluconate-calcium gluconate-54
(0.035 mM/kg) was administered min after left anterior descend-
ing coronary artery occlusion and the heart excised 3 min later .
The relation is (Mn) = 0.034 * MBF + 0 .056 ; r = 0 .81, p < 0 .00 ,
SEE = 0 .03 .
fused to normal myocardium ratio of 0 .55 ± 0 .1 (p < 0.01
versus control) for the seven dogs .
Manganese distribution . In the two dogs given 0.035
mM/kg MnGlu/CaGlu labeled with manganese-54, concen-
tration of manganese-54 correlated positively and signifi-
cantly with relative myocardial blood flow (r = 0.81, p <
0.00 , SEE = 0.03) (Fig . 5) .
In vivo studies . Group 1 (0.035 mM/kg MnGlu/CaGlu, TR
50 ms, TE 9 ms) . Two of the nine studies in this group could
not be adequately interpreted because of poor signal to noise
ratio and were not included in the calculations . Six of the
remaining seven studies had clearly visualized dark regions
in the distribution of the occluded left anterior descending
coronary artery after contrast agent administration (Fig . 6) .
As in the excised heart experiments, the signal intensity of
the normally perfused myocardium increased without any
change in signal intensity of the hypoperfused myocardium .
In one dog with adequate image quality, the study was
interpreted as negative but microspheres demonstrate the
presence of a small ischemic region . For the seven studies
with adequate images, the signal intensity ratio of the
hypoperfused to normally perfused myocardium after con-
trast agent administration was 0 .64 ± 0 . 3 (p < 0.05 versus
control) . In the same hearts imaged ex vivo the ratio was
0.6 ± 0 . 9 (p < 0.05 versus control) .
Group 11(0.1 mM/kg MnGlu/CaGlu, TR gated, TE 60 ms .
A typical image is shown in Figure 7 with the results of the
image analyses shown in Table 1 . Before coronary occlu-
sion, all images showed uniform myocardial signal intensity
and wall thickness. After occlusion, there was wall thinning
in systolic images but no change in signal intensity in the
region supplied by the occluded artery . In contrast to the
effects seen in the Group I hearts (where TI-weighted images
0
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Figure 6 . A Group I in vivo short-axis image obtained after admin-
istration of manganese gluconate-calcium gluconate (0 .035 mM/kg)
and acquired with use of a relatively TI-weighted gated TR 50 ms,
TE 9 ms gradient reversal imaging sequence . As in Figure 4, the
normally perfused myocardium shows increased signal intensity due
to T1 shortening by the contrast agent (arrow), whereas the signal
intensity of the hypoperfused region (arrowhead) is unchanged .
Also, there is thinning of the ischemic myocardium in this end-
systolic image . Enhancement of the liver (Li) is also seen, reflecting
delivery of the contrast agent to this organ . (LV = left ventricular
cavity . L DECUB = left decubutus position .
and a contrast agent dose optimized for T1 effects produced
an increased signal intensity in the normally perfused myo-
cardium), in these T -weighted images the normally per-
fused myocardium was visualized as a region of decreased
signal intensity . After MnGlu/CaGlu administration, the
signal intensity of the normally perfused myocardium fell to
5
±
5% of control (p < 0 .01), whereas the signal intensity
of the hypoperfused myocardium remained at control levels
and, therefore, appeared bright relative to the normal myo-
cardium . This result produced a signal intensity ratio be-
tween hypoperfused and normal myocardium of .07 ± 0.55
(p < 0.01 versus control) .
The Group 11 hearts imaged ex vivo had a lower signal
intensity ratio of 1 .37 ± 0.37. Because these ex vivo images
were acquired with a shorter TR (540 ms) than that of the in
vivo images (mean TR of 915 ms), the images were less T -
weighted and, therefore, less affected by the T effects of the
contrast agent on normal myocardium . The signal intensity
ratios of the in vivo and ex vivo Group I images were
identical because TR (50 ms) was the same for both .
Group III. In this control group without coronary occlu-
sion, images showed uniform increases or decreases in signal
intensity throughout the entire myocardium with no signifi-
cant change in the signal intensity ratio from baseline values .
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Figure 7 . A Group II in vivo short-axis image obtained after admin-
istration of manganese gluconate-calcium gluconate (0 .1 mm/kg)
and acquired with use of a relatively T -weighted spin echo imaging
sequence (TR gated, TE 60 ms) . The normally perfused myocardium
is dark (arrow) due to T shortening from the contrast agent . The
area of hypoperfusion (arrowhead) is seen as a region with preserved
signal intensity . As in Figure 6, the liver (Li) shows the same effect
(in this instance, a reduction in signal intensity) from the contrast
agent as the normal myocardium . L = left ; R = right ; other
abbreviations as in Figure 6 .
Discussion
This study has several important results : 1) the in vitro
and in vivo characteristics of a manganese-based paramag-
netic contrast agent have been defined for further use in
myocardial imaging ; ) the relation between manganese
concentration and regional myocardial blood has been de-
termined in a canine model of acute regional ischemia; and 3)
the feasibility of in vivo imaging of perfusion abnormalities
resulting from acute coronary occlusion has been demon-
strated .
Manganese as a paramagnetic contrast agent . Manganese
is a strong paramagnetic agent that differentially alters the
spin-lattice (TI) and spin-spin (T ) relaxation times as a
function of dose . In normal rat myocardium, the TI relax-
ation time is significantly shortened by low doses of the
agent (0 .01 to 0 .035 mM/kg), with relatively less effect seen
as the dose is increased (Fig . ) . In contrast, a significant
change in T is only seen at higher doses (0 .1 mM/kg). This
behavior is described in terms of the ratio of the relaxivities
(R /R1) in which a higher number reflects greater effect on
TI than on T . In this study, R /RI ranged from 13 .5 at a
concentration of 0.01 mM/kg to 4 .35 at 0 .1 mM/kg, agreeing
with earlier published data (14) . In comparison, R /RI for
Gd-DTPA was 17 .0 at a concentration of 0 .01 mM/kg and
13 .3 at 0.1 mM/kg .
Initial investigations of manganese compounds as myo-
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Table 1 .
Signal Intensity Ratio (intensity of hypoperfused myocardium/intensity of normal
myocardium) Before and After Heart Excision in Dogs With Total Coronary Artery Occlusion
cardial relaxation agents have shown that the manganous ion
concentrates in normal myocardium (15) and its concentra-
tion is highly correlated with microsphere-determined blood
flow ( 5). Wolf and Baum (16) demonstrated that MnC1 (0 .1
mM/kg) shortened the spectrometer-measured T1 relaxation
time of canine myocardium to 14% of normal . Similar effects
on T1 were seen in liver, pancreas and kidney with less
pronounced effects occurring in skeletal muscle and adipose
tissue
. These changes in relaxation times were highly corre-
lated with tissue measurements of radioactive manganese-5
concentration and, therefore, reflected the biodistribution of
MnC1 . In this study, we have additionally shown that
manganese distributes both in normal and in acutely ische-
mic myocardium in linear proportion to blood flow .
Prior studies of myocardial ischemia . The assessment of
myocardial perfusion using presently available NMR imag-
ing is difficult if one relies on intrinsic tissue changes .
Although previous investigators (9, 6) demonstrated in-
creases in the T1 and T relaxation times of myocardium
with ischemia, the magnitude of these changes was small and
increased only with periods of ischemia >30 min . Therefore,
visualization of acute perfusion abnormalities by NMR im-
aging without the use of a contrast agent would be difficult .
In early experiments using Gd-DTPA, McNamara et al .
(11) found that acute perfusion defects in an excised heart
preparation could be imaged using relatively T -weighted
sequences. However, these findings could not be extended
to an in vivo model (1 ) because of rapid redistribution of the
agent compared with the time required for standard imaging
of the heart ( 7) .
Employing a canine model of 1 h of regional ischemia,
Lauterbur et al . (15) injected a saline solution containing
manganous ion and excised the heart 30 min later . Using
spectrometer measurements, they found higher manganese
concentrations and shortened T1 relaxation times in normal
compared with ischemic myocardium
. This model, however,
did not address the issue of acute ischemia, or determine the
contribution of intrinsic TI changes with ischemia, or at-
tempt in vivo imaging .
*p < 0
.05 versus control and after coronary occlusion
; tp < 0 .01 versus control and after occlusion of the left
anterior descending coronary artery
; tvalues obtained at the same time as in Groups I and II but without coronary
occlusion . Values are expressed as mean values ± SD
. LAD = left anterior descending coronary artery .
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Manganese chloride (0.05 mM/kg) was utilized by Brady
et al . (
8) in a canine model of 90 min circumflex coronary
artery occlusion
. Using a steady state-free precession tech-
nique to image the excised hearts, they found clearly demar-
cated zones of reduced signal intensity that corresponded to
infarcted tissue identified by triphenyltetrazolium chloride .
As before, acute ischemia was not studied, nor was in vivo
imaging performed .
Recently, Pflugfelder et al . ( 9) demonstrated the use of
the contrast agent manganese ethylenediaminetetraphospho-
nate (Mn-TP) in a rat model of myocardial ischemia . Rela-
tively T1-weighted spin-echo images obtained 15 min after
coronary artery ligation demonstrated differences in signal
intensity of approximately 80% between the septum and the
ischemic lateral wall . Although imaging was not performed
earlier than 15 min after coronary artery ligation, these
differences in image intensity persisted for 60 min . As in our
study, the spectrometer measurements indicated a signifi-
cant effect on the contrast agent on the T1 of the normal
myocardium .
Imaging of acute coronary artery occlusion . To image
perfusion abnormalities from acute coronary artery occlu-
sion with use of a low dose of MnGlu/CaGlu (0 .035 mM/kg),
excised heart and in vivo experiments were performed with
a heavily TI-weighted gradient reversal imaging sequence
(repetition time [TR] = 50 ms, echo time [TE] = 9 ms) . The
signal intensity of normally perfused myocardium was
in-
creased because of delivery of the contrast agent and a
reduction in T1 in this region . Conversely, the signal inten-
sity of the hypoperfused myocardium was not significantly
changed. The gradient reversal pulse sequence was chosen
because of its sensitivity to changes in tissue T1 and its
ability to demonstrate changes in wall thickening over the
cardiac cycle. This pulse sequence also resulted in a lower
signal to noise ratio in the images due to its short TR .
In vivo imaging of perfusion abnormalities was then
performed with use of a higher dose of MnGlu/CaGlu (0 .1
mM/kg; Group II). In this gated imaging sequence (TR = 650
to 1180 ms, TE = 60 ms), 10 short-axis slices were obtained .
In Vivo
Control
After LAD
Occlusion
After Contrast
Administration
Excised
Heart
Group I (n = 7) 0.98±0
.14 0 .91 ± 0 .10 0 .63 ± 0 . 3* 0.6 ± 0 . 9*
(0 .035 mM/kg)
Group II (n = 6)
(0 .1 mM/kg)
0 .99 ± 0 .14 1 .04 ± 0.13 .07±0.551
1 .37 ± 0 .37
Group III (n = 4)
(control)
0 .94 ± 0 .1
1 .06
± 0
.06$ 1 .07 ± 0 .071 1 .06 ± 0 .08
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This sequence offered two advantages over the shorter
gradient reversal sequence : a greater signal to noise ratio and
reduced blood flow artifact due to a single late echo . In these
relatively T -weighted images, the signal intensity of the
normal myocardium was decreased because of the T short-
ening effect of the higher dose of manganese .
Limitations . Limitations of this study should be noted .
First, the timing of imaging was selected to detect acute
perfusion abnormalities in the first few minutes after coro-
nary artery occlusion . Whether these changes persist over
time and can be imaged later after acute ischemia is unan-
swered .
Second, an issue not directly addressed in this study is
the relation of myocardial blood flow to image intensity .
Although the tissue concentration of manganese is a linear
function of blood flow, the effect of contrast agent dose on
either T I or T is nonlinear (Fig . ) . Furthermore, alterations
in TI or T , or both, influence image intensity in a complex
manner (30) . These points must be addressed for the quan-
titation of flow. For the present, the changes in image
intensity must be viewed as qualitative and reflecting relative
differences in blood flow to different regions of the myocar-
dium . Although not proved, several of the images, especially
of the excised hearts (Fig . 4), demonstrated gradations of
image intensity suggesting some degree of sensitivity of this
method to less severe reductions in myocardial blood flow .
Finally, the clinical use of the contrast agent in its
present form may be limited by its short- and long-term
effects . In the short term, manganese behaves as a calcium
antagonist (31,3 ), uncoupling excitation and contraction in
both myocardium (33) and vascular smooth muscle (34,35)
and potentially leading to hypotension . Wolf and Baum (16)
observed dose-dependent changes in blood pressure with
manganese chloride . With use of doses of 0 .01 to 0 . mM/kg
injected intravenously over 30 s, blood pressure in normal
dogs fell in < 1 min but reverted toward normal by 15 min .
The results of our hemodynamic studies with MnGlu/CaGlu
are similar to the prior studies using MnCI, . MnGlu/CaGlu at
a dose of 0 .035 mM/kg caused a transient fall in blood
pressure associated with decreased systemic vascular resis-
tance, but no significant change in cardiac output or heart
rate . Long-term administration of manganese sufficient to
cause either cerebral (36) or hepatobiliary (37) damage
requires daily exposure over a period of months to years .
The hemodynamic effects of manganese can be amelio-
rated in several ways .
Improved imaging techniques may
provide diagnostic NMR images at lower doses of contrast
agent. Additionally, slower administration of the contrast
agent may be useful in reducing the acute hemodynamic
effects . If the contrast agent has sufficient affinity for myo-
cardium and a long residence time in normal tissue, then
imaging of perfusion abnormalities may be successful with
slow infusions . Modification of the chelate to retain myocar-
dial affinity with reduced toxicity is another approach .
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Macrocyclic complexes of manganese have been suggested
as effective chelates (38), although their application in the
cardiovascular system has not been adequately studied .
Despite suggestions that the Mn
1
ion can become separated
even from strongly associated chelate complexes (39), fur-
ther study in this area may yield improved chelates .
Conclusions . The present study demonstrates the feasi-
bility of detecting myocardial perfusion abnormalities result-
ing from total coronary artery occlusion by nuclear magnetic
resonance (NMR) imaging with use of a manganese-based
paramagnetic contrast agent . With continued development
of NMR imaging techniques, this methodology shows prom-
ise for the noninvasive detection of regional myocardial
ischemia due to coronary artery disease .
We thank Dorothy Gutekunst, Judy Ober, Paul Anderson, Anca Constanti-
neau and the staff of the Nuclear Magnetic Resonance Imaging Center for
excellent technical assistance
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